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A1lSTRACT
A brief hisiol-y  of hTASA robotic spacaxaft rxmputillg  architecturcx is given. Changing ncxxls driving c.lmngcs in
features (1 W rcductioa  in cost, various incrcam in capability, 1(),x to l(K)x reduelion  in power, mass and volume)
for spacxxraft computing arc diseuswxl.  A scxdcablc, parallclhmral  computing architedure. whicl~ addresses these
changyx is proposed ljvaluation of SCMn C of this archi(cc~urc’s WIII]>OIWIIS  is dctailcxl. 1 ~inall y, future  dilwtions  of
cx]d orati WI for this s}xxxxrafl  cmnputillg  archi tcxiwe arc considered,

1 .  B A C K G R O U N D

1.1 introduction
‘l’he current vision for NASA ineludcs  a bold incrmsc in mankind’s ability to dirt-cd) gather information abou(

tbc. sun, planets, askroids,  eomcts  and other skudures  it) ] Luth’s solar nejghhorhood  (<60 AI-J).  Also included am
dep]oymcnt  of spaeccd for remote sensing of clcctromagnctic phcnolmna  in aud out of our solar systcm rmd
c?bscrvation of ed]-tmed phwlonwna,  h40st of the NASA eonmunity  MM believes that this vision will he
accomplished by a change from the infkqucmt  (1 pcr S years) rni ssi on bawd around a large spaaxraft  {3(KK)  kg) to
missions of much greatm frcqurmcy (3 per year) based ammd  multiple small sparxcrall  (10 to 6(K) l@.12]

l“hc expectation for shrinking NASA buc]gets im]dy that this era of higher frequcmcy  space missions will be
accomplished under a much smaller total budget. Thcrcforc,  spacxraft  missions must bc planned with radically lower
dcsigo,  development, launch, operation aIKl infrastructure COSIS.[2]

Onc solution to these problems am inc.xpensivc computing clcmcnts whic]l suppor( mpirl development of flight
hanlwzm and sof[ware and allow a shift in operation functionality from tbc grotmd  to the spacecraft. ‘lhcsc clcmcnts
must also provide more science delivery than earlier systems w}lilc cxmuuandiug  much snmllcr  mass, power md
volume. rc3cxwccs.

1.2 1 listory of NASA Computing Archikcturcs
NASA robotic spammaft  such as Voyag~  (launch 1 ~977),  (%lileo (launch 1987)  and Cassini (launch 1997) have

had ]incar evolution in their owboard  eonprling capabilities (.S0 K1 1>S to 0.2 MJPS to 2.() h41 1’S). ‘I”hc computing
architectures and ll~ass/pw’er/\loltul]e  resources have stayed roughly constant, Data baudwjdt}l has beat the area of
most growth  ]dight cock dc.vclopment  costs aId operations costs have also largely remained constant. Physimlly,
the c.omputcrs  wem built on 1 Scrn x 30cm printed wiring boards placed in a custom backplane.-1css chassis in a rdal
arrangement which occupied the eentml core of the spacecraft and allowed for flexible tkrrnal management,

~“hc flight cxmputcrs  for these. three spacmaft  perform roughly the. same. eonm)oJ)  set of tasks[ 1 ]: proecss
u;)linkczl data and commands, gather, process aud store xi cn cc data for do wnl i nk, control k] cinch-y s ystcms for
downlink  sessions, rwxivc engincoring and rc.lcvant telemetry sensor information for packaging with downlinkd
scicncc data, mccivc aaiwdc  ecrntrol sclrsor  information, eontro] attitude, articulation and position control actuators
and, in some eases, proecss  dgorithrm  for closed-loop control of these actuator/sensor systems.

‘JIIc cvolu(ion in emnputiag mchitectures  during the twenty-year period from 1972 - 1992 was driven by
ilwreawxt  eapabi]i [ y and dc-nsity of VIA] dcvim, rxliation tolerance cnhancxxncnts  and packaging inlprovctncnts.
CMer factors were irnprovcxt knowledge of the spats radiation environment, the desire to move frorv  rncchanicat data



rcmrdas  to soli cl-state data rwordcrs  for rcl i ability masons aad a ctcsirc to pj wide irmcascd  on-tro.ard fault
n~alla~cmcnl,

1.3 Changes in NASA Spacecraft ~rm~putirlg Neccls

‘l”lK challgc in the hTASA Inissions flom those based 011 large-c]ass fly-by arKl orbiter sI}acwraft to those based
on nwc]l sJllaJIcr fly-by, orbiter, lander, I-over-  arid acxobot vc]iic]~s reftcc.ts all rcncwcd  interest in in-situ scicucc  arrd
samp]c  rclurn cft”orLs[2], h40ving to more, sma]]cr sl)acmaf( allows a mi ssi OJI to bc accomp]is}md by physically
rtifl’crcntiatrxl spacecraft, 1 ;or cxarn}dc, a l)lmjcla~  y nlission may imtudc  a larlcIcr/rmcr  aud mu] tip]c acrobots suppcntcd
by an orbiter.

Rcducmt operations cost aacl rcchlclion iu ovcJzdl spacdgrouJld  tC]CJ1lCky  bandwidth dso c]rivc  a change in
s}>ac@a-fl  c4JJllpUting  JiWa~ frOJ1l the traditional. So]utiolis  include incrcxcd  OJ1-bOard  aUIOJIOJlly  w ICI usc of data
cxrmprcssion.  An inlcrcsting cha]]cJlgc is hcnv to usc these srunc tcchnic]ucs to siJmdtancmrs]y  inc.rcasc t}lc anlouJlt of
gat}lcrcd scicJm  information.

Auotk area driving tic. ]Iaturc  of on-boaId  computing is total spacecraft mass and rmpirul Iauncb vchiclc.
sl>a~~~l-aft ~~~WJ~l@l aJld tc.1 C~JU have tradi ti oJlal ] y bcCJ 1 tbc pri mar’y usc.rs of spaccmrfl  pOwC.J  and sl jacfn aft mass.
‘1’}lcrcforc,  slwinkiJlg  tbc power ncmts of the coJnpuliJlg  syslcJn  has a lcwcragiug  effect on fllC power syskJu mass rmd
sizc[ 1 ]. h) artdition, nxtucing the mass of the spacmmft  computing systcJu has a lcwraging  cffkxt 011 tbc attitude
COJltrO]  SyStCJll power, size ad mass. An ictcal situaticm wcrrrlcl bC for d)C COI1ll)lJbJlg  and asscwialcd clcnlcJtts to no
10Jlgcr bc onc of the top two or ttucc most significant cOJllributors  10 final spacmcmft  si?,c. Ullimatcly this would
atlcm’ these. ncw spacxxxafl  to hc scnl OJI an cquivrdcn(  orbit by a JllUCil sJuatkr (anti chcapcr)  launch Vcbidc than
tbcil bcavicr  prcdcccssoJ3.

2. A PROTOTYP13 Ml CROSPACI;CRAF’J” COMPU”l’lNG ARC} II’I’ECH’(JRI;  “

2.1 current W o r k

Several computing systems have bczn dcvclopcxt for miniature spacccr-af([  1, 3]. h40st USC. a Iargc amount of
lllhc.riled or rXrJnlJmrcird-off- fllc-shelf (c(Y]’S)  cOnqJollcJlts tO ac]licvc. ]OW’-COSt. ‘1’hc primary  tirccfiojl these
computing systc.Jns have takcJl is [o rcxtucc the prrckagirlg mass of tmctitjona}  Sl)acecraft computing hardw’arc [~].
] ]owc.vcr, if ncw capabilities such as synthetic apcrlurc radar (SAlt)  image processing, oJ1-board  autouoJny  rmrl
dl~lgc.dclcxtiol~-bzsd scic.um. data gathering [4, SJ arc to bc accomrnodrrkxt,  spacc computing cuginc architcc[urcs
mu S( at so change. ] ]CJC  WC. I)rC,SHlt  a ncurat -processor-bw’cd mJnputing eJlgi JIC cd Icd the. ‘1’rxaftop ] kClrO1ljCS  kain
~JIUl)  which can support the forwsccab]c. processing ncxds of tbcsc ncw sl~amcraft applicatioJm.
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‘1’hc ‘1’1 i13 is bawd on a scatcablc  mrdti-processor
architcc.ture,  boil t iJllo a series of multi-chip module
(h4Ch4)  s l acks .  “1’ypiczd stacks have .  ] 1 h4ch4s aIICl
Imovidcs  a peak pcrfcrrnmncc of about 1() W:1 .C)I’S with
ovc.rati dirrtcJlsions  of 10CJI1 x ] (kxij x 6CJfI, I;c)llr types
of MUL4S arc rvquircxt:  a  ncmd prowssor,  a  gcmcra]
purpose. procmsor, a stack memory ar)ct a conunuuication
contmllcr. Some intwslack cxmumlJlicatioJt  occurs over
a  l’~1 b u s  ancl Ihc. r e s t  o f  intrz- rrncl  ilkr-slack
c<~~t~lrll[llicatiolt ocmrs over a h4yriacJ-bwcd
cxmlnunicatioJl  mesh.

} ‘igurc  1  sho}vs  t h e  gcncrrd pIJrposc  prcrcz%or
h4Ch4.  Onc or more of tbcsc prwcssor  h4Ch4s can bc
inclodcxt in each stack. “l”his M(X4 is bmcd around the
h40t oro]a  ~~ SCJ ics of ]Jow)cr]  ‘[; processors (availabi]It y
1997, 2MI h41 ~1 S)l}S,  peak) [6]. Since mclJ~ory  accc.ss
ovc.r tbc IYY bus rcquirm paged memory or  ottm
incfficicJlt acxcss schcJnc, cJlough ].2 Sl<Ah4 cxrchc a n d
dirccdy-addrcssab]c  1 XAh4 has bccJI inctrrdcd OJI t he
h4(Vh4  to allow for sostaind local processing of Sing]c
lmtructio]i,  Single l>ata (S1S1 ~) problems. ‘1’hc powerful



Nfyraconl Gwporation’s Mylilwl-basc<l  inlcr-t)me~s(~l  contro]lcr allows processor Mt2Ms. both intcrnaJ and cxlcrard
to each slack, 10 partici]mtc in solving comp]cx h~{J]til)]c-]rls&Llctiotk,  h4ultip]c 1 )alrt (M]hf]>)  prob]cnls.
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]:igtlrc 2s]]ows U~cllc~ti  processor  hf~L4. ltist]ast~l ol}atirm.-di1Ilcrlsiol)d  llctudm~aydc~,do}til>y  J1’1.  (1
Icraops,  pd).]lis intaldti tord})idy J>rHss  Sillg]c IJlslrlJctiorl,  h4ll]tip]c ]>ata (SIMl>)problcnls,  lllC]UdlJJg  those
often assigncxt to a digital sigmd pr-ocz.ssor  (IMP), although the iJlclusior)  of a 1>S1’ iJl the ‘1’li13 has not been
C’OIJIJd Ct C] ~ Jdt!d OU t
'l~lc~)wticll]ar l~c.trdl  ])K}mssor  dmig!lfoJ-  t})c"l]~l;s ystcllil JscsraJldorllly  ~&m.wb]cd  i~talsy!~aI)sc  wcightiJlg. “l’his
lJIJJ>rOVCS  the pcrforruancc of the. neural arrdy W’]JCII  rzl)jd COnlcxl switching is required. ]t dso Supporls  rzspid
nmmJfacluriJlg  Jrncl iJ1-lilJc  lcsliug.

] ‘igtJrc ~ SIJOWS a 11 h4Ch4 ‘J’] ill stack. It inc]lJrJ&s  two additional types of h4CN4s,  a mass nJcJIlory  MCh4 and a
eoJJIJmmieation  cxmtro]]cr h4~I~4.  ‘l’he  lJwnlory  h4Ch4 makc,s its IX{AA4  avtilablc. o v e r  the ]Wl bus, “l?Ic

colnnnlJli  cation coJltrollcr iJJcorlsoralcs a significant mJmurlt  of C&?& lJIC.IJIOr~} (4N41 1) and is
the lIC1 bus.

StaC~ JSCJfOmRUCZ (d)iCh can bc nlodi ficd bawd OJI nli ssiol)  needs) is provided by
processor MCh4s, aucl one each of the rc.maiJiiJ~g  h4Ch4 lyj~cs.

2.2 llvaluation  of Components

]ocat]y controJIul  OVCJ

eight general purpose

‘]”hc  JICUJ-aJ  prc=ssor for ‘1’1 i]], tbc thrm.-&l~lcllsi  orlal aJJalog neural network  (3 DAINN)  has bmn built under
contrad  to the }3allistic h4issilc Dcfcnsc  C)fficc by the hlcurat Processing Group  at Jl>J, It has shown cxecllcmt
JWfOrJJRJICC  in highly paralleled tasks SIJCh as image-based pat(cm rcxxsgnitio~l, ]t is curmnt]y  bciJlg used to drive a
ground-based Icmplat e. rnalcbi JJg systcnl.

“J’hc various  chip stacks used iJl TJ ;1? have bcal  n~anlJfact{lrti by ]rviJlc  Scn,sors ~orporatior], aJnon~ others,
‘l”hey have been use-d in various flight programs, inc]lJding  the. Small Satc!]itc. l’e.chnology  ]rlscrtion program, the
Ncfv h4il ]cnniwn prograJn  and vari o~Js eonuncrtial  gyound  syslc.rns.

“J’hc l’owcr]l~ family of microprmssom  fron)  hfiotorola  aad IJ3A4  have shown great robuslJJcss  iJl responding to
chdicngcs  ill the industry. ‘Jhis  validates the ‘] ’1;[1 present cmn)JJlitnlc{]l  to that processor fanJily. In addition, the
}’owcrl>~ processors shotv  c?xdlcnt  high-spud arithmetic processing capabi]itics, iJlitird]y  allowing the “~1 U{
architccmrrc.  to avoid the usc of dcdded llS1> engines, tmditionall  y  rcquirud iJl higli-pcrfornlaJlu guidaucc,
navigation and control systcrns.
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‘1’hc h4y1i11ct  swilch is rdpidJ y bccoluiug  the dc-faclo  partillc]  computing inter-procmsor colnl muiication
colllrollcr  standard. Its aclopticm by ‘1’J  ill at lows efficient intcgj alien with many industry tools aIid tcchuicplcs,

3. l;lJ’J’URI: I)IR1X3’I  ONS

3,1 Architecture Ilevclop$~lel]t
I’hc prilnary ncw areas of al-chitczlurc ricvclopmc.nt arc tilru-clil[lcllsic)rlal  (opologics, power management,

soft\vtic  ajdsirtlu]atioll/cllllllatioll.  Gcintriguiltg  area of rescarcl is in the assigluncnt of t}lra-clirllctlsiolid strd
Pam to shudardiml  bus functions such as that ]Moj)oscd  fol- Ilolotin’s  SpaccCllbc architcctu1c[7].  This allows
the.rma] mJdclczttiA  nmdstobc  ]]rtiassigIlcLi i] Itile. third dimension and supports multiple. buses for fault-tolemncc
atld complex nctwor~ing,

Most acivanoxi micros] mmzmft have mories(  ]~owc~ buctgcts. l;ven the classic laJgc. spacmraft  me. COns[nnl]y
struggling Yvith a\,tilal]lc  l>o[vcr  vcrstlslllissioll  goals. ‘I’hc” J’lif3 rrt-clliteclurc nnJsl bc developed with a combination
oflow-l)owwl~ tez}lnologics atclfillc-grtilld ac.tivc ~~c)\vcr lIlmlagclllcl]l  torIlirkitlliz,c  tlico\~crdll clicrg~, r] Wds of ally
actual flight computing system, “l-}lcllltilllatcgc}alis  tc)}laJ’elllil]illlurl)  powcrpl-imarily  bccleiivcred  autonomously
l~yd]coj)cmtitlgsystcl~l,  without a~~J)licatioll  illtcr\,ciltiol] orcOl}mrlI.

Software.work  inchrcics opcmting systcn] Acrnc] ricvctopmcnt to trdie. a(ivarrtagc, of the hc~crogaicous  pmecssing
environment and the parat!cl  computing engines as well as faull-tolermkec  capabilities in the rcat-tirnc,  seaieable,
he.(crogaleous  parailc] J)roccssing environment.

A final area of importance, but crnc ncxxtirrg  early emphasis, is the simulation and cnmlatioll of a ‘J’l;II  stacii rural
of a sclics of stacim.  Initial wor~ in pariillel proezssing systems indieatcs  the need for the curreu[ typical “1’lill sta&
ratio of h4CM types,  but simulation of this structure against the various applicxstions  and rni ssion nczds will trc
uccxlcxi. 1 ~ortunatci y, the partitioning of &is rrrchi {e~urc reariii y supports this type of cxperirnc.ntati  011.

3,2 Application Development
Scicncc. users of these ncw spacxzrafi  czrnqxrtcrs must bcccnnc much more closely 03uplwi to tic (icvclopmalt

environment than they have in the pas[,  As the. scicucc functions migrate on-boarci[4],  they must port thci~
a]~ori t}lllls  kJ thC  spaCZXXaf(  and dCVC~O]>  IK%’  OIICS  10 L?kC  ad}’allt~gc  Of nC.w  OpJ>OrlUni  b ~. s~k~~~aft  bus al~ill~~
for tclccom, attitude and command functions nnrst rdso rcwor~ their idgorilhuls to t&c advanlagr  of the ncw

computing capahilitim  for such functions as optical navigation, scicnrx data edit, teleccml Iossy and iossicss data
conq~rcssio]l,  etc.

3.3 ljvaluation  Work
Some of the buiiding bloclm of this arc}lilcc.!urc have been cicvelopcd under the sponsorship of NASA’S

Acivalmd 1 ~i~ht computing  and Remote 1 Xploration  and I ixpcrinlcntation  programs and the l>cpartmcnt of
J ~cfalsc’s  l]allistic  h4issii c J ~cfalsc office.  “lhc prclimijmry  results show promise in their incicpcndent functionality.
‘J”hc primary woric ahead wili be to combine these clcmcats  into the. ovcmii proposed architczturc,  create. simulations,
run bcnclunnrlis and optimim  for various spacxxraft  missions and applications,
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